Specimens of 2024-T351 aluminium alloy under different three shot peening intensities were studied. The modifications of the surface layers of the shot peened specimens were investigated through microhardness, surface microstructure and residual stress relaxation after the first and second load cycles under two cyclic loads. No significant changes in microstructure after the three shot peeing intensities were observed with respect to untreated specimens. Rapid residual stress relaxation was observed in specimens after the first cycle. Relaxation of residual stresses occurred within first loading cycles were increased with increasing loading stress amplitude and due to quasi-static relaxation effects.
Introduction
Increasingly, steel is being replaced with aluminium alloys due to their high strength and stiffness to weight ratio, excellent corrosion resistance, good formability, weld-ability and recycling potential, for applications in the aerospace and automotive industries [1] .
Shot peening is surface treatment frequently subjected to aluminium alloys surface. It has receive extensive attention in research due it increased the component's fatigue life [2] [3] [4] . The fatigue life increment is associated with surface compressive residual stress. On the other hand shot impacts lead to changing in the surface morphology and microstructure [3] [4] [5] . In aluminium alloys, resistance to crack initiation is enhanced by work hardening, on the other side due to material embrittlement it causes lower crack growth resistance. Accordingly, the outcome of shot peening on the microstructural in aluminium alloys is unclear [6] . However, the problem is: the initial residual stress field may not remain stable during residual stressed component operation life. The residual stresses may decrease and redistribute, this reduction is called relaxation. Residual stress relaxation can occur due to thermal, static mechanical load, cyclic load and crack extension effects. Cyclic residual stress relaxation was observed by Mattson and Coleman [7] for many years ago. Even with partial relaxation of the compressive residual stress, they found a beneficial effect on fatigue life. They concluded that fatigue lives were below the predictions if residual stress relaxation was not taken into the account. The understanding and accurately quantifying residual stress relaxation and other changes of the component such like microhardness and microstructure under cyclic mechanical load still remain as a technical challenge for the researchers [8] .
Notably, the rate of residual stress relaxation can be drastic in the early stages of fatigue cycling, in general, relaxation of the compressive residual stress begins rapidly within the first few cycles and decreases in rate with subsequent cycling [9] [10] [11] , it is apparently due to the static effect, when yield condition is less than that of the summation of residual stress and applied stress of the same sign of applied load [12] .
In this study, 2024-T351 aluminium alloy was subjected to three different shot peening intensities. Peening intensity was varied to have different initial residual stress magnitudes. The specimen's surfaces microstructures were characterize by optical microscope. Measuring of residual stress was done with the X-ray diffraction (XRD) technique. Moreover, the microhardness of the specimens was measured using Vickers scale.
Experimental procedure
The study was conducted on 2024-T351 aluminium alloy, commonly used in aircraft applications. The material was received as a plate with a thickness of 6 mm, tensile strength of 484 MPa, yield strength of 348 MPa and an elongation of 15%. The chemical compositions of the tested material are as follows: Al, 93.50; Fe, 0.50; Si, 0.50; Cr, 0.10; Mg, 1.20-1.80; Ti, 0.15; Cu, 3.80-4.90; Mn, 0.30-0.90; Zn, 0.25; Ni, 0.05; Pb, 0.05; Zr, 0.20%. Fatigue specimens were scaled in accordance with airbus standard [13] (Fig. 1 ). Specimens were treated with three intensities of shot peening of 0.0054A, 0.0067A and 0.0090A. Two load levels of 15.5 and 30 kN were chosen for fatigue test. First and second cyclic load were applied to specimens for both loads levels with three shot peening intensities. Specimens were tested in material testing machine Instron 810 with load ratio R= 0.1, frequency of 30 Hz under normal room temperature. Microhardness was measured for both cyclic loads after each cycle. Samples were cut using Mitsubishi RA9 CNC EDM wire cut machine, with low wire feed rate and extensive cooling to control the temperature generated during cutting process. Specimen's preparation for microhardness was performed according to ASTM E 3. Microhardness tests were performed in full accordance with ASTM E 384 [14] . Microhardness test was performed with a 401 MVD micro-vickers hardness tester applying 100 g force for 10 seconds. The result is an average of 5 reading at each point.
Using X-ray diffraction (XRD), the initial and residual stresses after each cyclic load were measured in longitudinal direction at the center of gage length on width side at surface of specimens. Measurements were performed in accordance with SAE HS-784 [15] . Diffraction peak angular positions at each of psi tilts were determined from the position of K-alpha 1 diffraction peak separated from superimposed K-alpha doublet assuming a Pearson VII function diffraction peak profile in high back-reflection region. Samples were rocked through an angular range of ±1.5 deg around mean psi angles during measurement to integrate diffracted intensity over more grains to minimize influence of grain size.
For metallographic analysis, cutting and preparations of the specimens were done in the same methods of microhardness preparations. The specimens were ground and mechanically polished using Imptech Europe digital polisher until a flat and scratch-free mirror-like finish was obtained. To reveal the microstructure, the sections were etched in Keller's etchant in accordance with ASTM E 407. Olympus CK40M optical microscope was used to detect the microstructure image of the specimens. Microstructure images were taken for untreated material, after shot peening and after each cyclic load for the three shot peening intensities.
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Results
Residual stress. Shot peening intensities introduced residual stresses in specimens as follows: 0.009A, -196 MPa; 0.0067A, -179 MPa; and 0.0054A, -168 MPa. These values considered as the initial residual stresses.
For 15.5 kN load, reading of residual stress after first cycle showed 37% relaxation of initial residual stress in shot peening intensity of 0.0054A (Fig. 2) . Relaxation of residual stress of shot peening intensity of 0.0067A was 35% of initial residual stress and for shot peening intensity of 0.0094A, residual stress relaxation was 34% of initial residual stress. After second cyclic load, residual stress of three shot peening intensities were continued to relax with a range of 2-3% increasing of first cycle relaxation. Relaxation of residual stress for 30 kN load, after first cycle reached 46% of initial residual stress for shot peening intensity of 0.0054A, 43% of initial residual stress for shot peening intensity of 0.0067A and 44% of initial residual stress for shot peening intensity of 0.009A (Fig. 2) . After the second cycle load, the relaxation of the three shot peening intensities was continued to relax with a range of 2-3 % increasing of the first cycle relaxation. Microstructure. Microstructural analysis according to ASTM E112 [16] revealed that 2024-T351 aluminium alloy untreated materials has a pancake shape grain structure with an average grain size of 220 lm, and 80 lm in the longitudinal and transverse direction. Fig. 3 shows the optical result of the microstructures of the untreated specimen as well as after shot peening of the three intensities.
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Fracture and Strength of Solids VII Microhardness. The three shot peening intensities increased the microhardness of the unpeened material which was 131 HV. Microhardness of the shot peening intensity of 0.0054 A, 0.0067 A and 0.009 A was 218 HV, 227 HV and 231 HV respectively. Figure 4 showed the reduction of initial microhardness after first and second cycles for the load of 15.5 kN. The microhardness after the first cyclic load was reduced to 176 HV, 188 HV and 196 HV for intensities of 0.0054 A, 0.0067 A and 0.009 A respectively. After the second cyclic load microhardness for the shot peening intensities of 0.0056 A, 0.0067 A and 0.009 A reduced to 168 HV, 173 HV and 181 HV respectively. Figure 4 shows the reduction of initial microhardness after first and second cycles for the load of 30 kN. The microhardness was reduced to 170 HV for intensity 0.0054 A, 181 HV for intensity 0.0067 A and to 188 HV for intensity of 0.009 A. Reduction of microhardness after the second cyclic load is 152 HV, 165 HV and 174 HV for the intensities of 0.0054 A, 0.0067 A and 0.009 A respectively. 
Discussion
Relaxation due to load of 30 kN showed greater relaxation than relaxation of 15.5 kN. Relaxation of residual stresses occurred within first loading cycles were increased with increasing loading stress amplitude and due to quasi-static relaxation effects. An explanation of this relaxation, proposed by Holzapfel [10] uses the Bauschinger effect. They propose that the work-hardened surface will yield in compression on the compressive part of the initial cycle due to the lower compressive yield strength resulting from the in-plane tensile deformation during peening. This is aided by the compressive residual stress which is additional to any applied compressive stress.
Microhardness measurements need plastic deformations and therefore are affected by the residual stress state in a way that compressive residual stresses lead to apparently increased hardness values [17] . Therefore, the material's microhardness was increased due to the changed in the dislocation by shot peening. The highest initial microhardness caused by high dislocation densities that the maximum microhardness is at the surface. It worth noting that, microhardness is also related to the percentage of the cold work of the materials. Thus according to this relation, the relaxations of the residual stress lead to a reduction of the microhardness. Accordingly microhardness was reduced as the residual stress relaxed. However, the microhardness reduction rate is affect by the percentage of cold work of the peened material.
From the effect of the three shot peening intensities on the microstructure of the specimens, it can be noted that none of the shot peening intensities significantly changed the microstructure of the specimens as compared with the untreated state. Thus, the grain size has the same order of magnitude in all the material variants examined.
Conclusions
The stability of residual stresses, microhardness and microstructure in 2024-T351 aluminum alloy, induced by different shot peening intensities due to cyclic loading was investigated in this study.
The study focused on the first and second cyclic load. The residual stress and microhardness found to decrease depends on the load amplitude.
Most of the residual stress relaxation happened in the first cycle. Relaxation of residual stresses occurred within first loading cycles were increased with increasing loading stress amplitude and due to quasi-static relaxation effects.
The reduction of microhardness is due to relaxation of residual stress and the microhardness reduction rate is affected by the percentage of cold work of the material.
The grain size of the treated specimens has nearly the same size compared to the untreated specimens. None of the shot peening intensities significantly changed the microstructure of the specimens as compared with the untreated state.
